Summary
Interactions between the endoderm and mesoderm that mediate myocardial induction are difficult to study in vivo because of the small size of mammalian embryos at relevant stages. However, we and others have demonstrated that signals from endodermal cell lines can influence myocardial differentiation from both mouse and human embryoid bodies (EBs), and because of this, assays that utilize embryonic stem (ES) cells and endodermal cell lines provide excellent in vitro models to study early cardiac differentiation. Extraembryonic endoderm (XEN) stem cells have a particular advantage over other heart-inducing cell lines in that they can easily be derived from both wild type and mutant mouse blastocysts. Here we describe the first isolation of a Nodal mutant XEN stem cell line. Nodal 2/2 XEN cell lines were not isolated at expected Mendelian ratios, and those that were successfully established, showed an increase in markers for the anterior visceral endoderm (AVE). Since AVE represents the heart-inducing endoderm in the mouse, cardiac differentiation was compared in EBs treated with conditioned medium (CM) collected from wild type or Nodal 2/2 XEN cells. EBs treated with CM from Nodal 2/2 cells began beating earlier and showed early activation of myocardial genes, but this early cardiac differentiation did not cause an overall increase in cardiomyocyte yield. By comparison, CM from wild type XEN cells both delayed cardiac differentiation and caused a concomitant increase in overall cardiomyocyte formation. Detailed marker analysis suggested that early activation of cardiac differentiation by Nodal 2/2 XEN CM caused premature differentiation and subsequent depletion of cardiac progenitors.
Introduction
Inductive interactions between endoderm and mesoderm mediate the initial phases of cardiac differentiation in all vertebrates by activating expression of early cardiac markers such as Nkx2.5 and Tbx5 (Jacobson, 1960; Orts-Llorca and Gil, 1965; Fullilove, 1970; Sugi and Lough, 1994; Tonegawa et al., 1996; Arai et al., 1997; Schneider and Mercola, 1999; Lough and Sugi, 2000; David and Rosa, 2001; Marvin et al., 2001; Mummery et al., 2003; Yuasa et al., 2005; Brown et al., 2010a; Holtzinger et al., 2010) . However, because of the small size and relative inaccessibility of mammalian embryos at pertinent developmental stages, little headway has been made in identifying specific cardiogenic signals in the endoderm. A major advance came with the discovery that visceral endoderm (VE)-like cell lines, such as the embryonal carcinoma-derived END2 cells, can activate and/or increase cardiac differentiation from both mouse and human embryonic stem (ES) cells (Mummery et al., 2003) . However, since END2 cells cannot be re-derived from mutant embryos, they cannot be used to study specific inducing factors in the endoderm. We recently showed that XEN cells express markers for the AVE (Brown et al., 2010b) and possess cardiogenic potential similar to END2 cells (Brown et al., 2010a) . XEN cells can easily be isolated from both wild type and mutant mouse embryos. To accomplish this, 3.5 dpc blastocysts are grown in vitro for several days until they attach to feeder cells. At this point, outgrowths of trophoblast cells can be dissected away and the remaining cells dissociated and replated. Ultimately, cell morphology and marker analysis (Brown et al., 2010b) can be used to distinguish primitive endoderm stem cells (XEN cells) from embryonic stem cells (ES cells). We previously demonstrated that XEN cells comprise a heterogeneous population of cells expressing markers for all primitive endoderm derivatives including the parietal endoderm (PE), visceral endoderm (VE) and anterior visceral endoderm (AVE) (Brown et al., 2010b) . More recently it has been demonstrated that XEN cells can be directed toward specific endodermal lineages by the addition of growth factors, with BMP directing them to the VE lineage (Artus et al., 2011) , and with NODAL directing cells to the AVE lineage (Julio et al., 2011) . Because of this, and because primitive endoderm and epiblast remain in contact for at least two days during XEN cell isolation, we hypothesized that signals present in either the epiblast cells or within the primitive endoderm of the isolated blastocyst could influence the specific subtypes of cells that develop in any given XEN cell line. At preimplantation stages in the mouse, Nodal is expressed throughout the epiblast, and both a Nodal transgene (Varlet et al., 1997; Brennan et al., 2001; Camus et al., 2006; Mesnard et al., 2006; Granier et al., 2011) and Nodal mRNA (Norris et al., 2002; Yamamoto et al., 2004) are transiently expressed in the VE. Moreover, NODAL has been shown to affect AVE marker expression in embryos (Brennan et al., 2001) and in XEN cells (Julio et al., 2011) . Therefore, loss of Nodal should also impact the specific lineages that become established in XEN cell lines.
To test this, Nodal 2/2 XEN cells were isolated and characterized by immunocytochemistry, Western blot and QRT-PCR for expression of primitive endoderm (PrE), VE and AVE markers. XEN cells isolated from Nodal mutant blastocysts showed a surprising upregulation of AVE markers. EBs that were treated with Nodal 2/2 XEN CM began to beat earlier than those treated with Nodal +/+ XEN CM, suggesting that factors regulated by Nodal play a role in regulating temporal aspects of heart development. Finally, we demonstrate that this early activation of cardiac differentiation correlated with an early activation of Islet-1 expression, which in the embryo, marks cardiac progenitors in the second heart field (SHF). By comparison, expression of Tbx5 and Nkx2.5, markers for the first heart field (FHF), were either unchanged or slightly delayed. ). Blastocysts of unknown genotype were isolated at 3.5 dpc, and XEN cell lines were derived according to a previously published protocol (Artus et al., 2010) (Fig. 1A) . The genotype of individual XEN cell lines was confirmed by PCR after isolation and expansion, using primers specific for either Nodal or LacZ, which was knocked into the Nodal locus as part of the deletion strategy (Collignon et al., 1996) (Fig. 1B) .
Results

Nodal
Wild type and Nodal +/2 XEN cell lines were isolated at or above expected Mendelian ratios (12/48 (25%) and 32/48 (67%) respectively). By contrast, Nodal 2/2 XEN cell lines were isolated well below expected ratios (n54/48; 8% as compared to 25% expected, p50.018) (Fig. 1C) . This suggests that Nodal expression in the embryo is required for optimal XEN cell derivation and/or maintenance.
Nodal mRNA levels were investigated in wild type and Nodal mutant XEN cell lines. Both wild type and Nodal +/2 XEN cells expressed very low levels of Nodal when grown in the presence of LIF (Fig. 1D) . However, this expression was rapidly lost after the removal of LIF from the medium (data not shown). In addition, since the mouse strain used for XEN cell isolation possessed a knock-in of the LacZ gene into the Nodal locus, XEN cell lines were stained for beta-galactosidase activity. The absence of beta-galactosidase activity corroborated the QRT-PCR data, demonstrating that Nodal is not expressed in these XEN cells (data not shown). These data are consistent with previous studies showing that wild type XEN cells do not express Nodal when expanded in the absence of LIF (Kunath et al., 2005; Brown et al., 2010b) . Together, these findings also suggested that Nodal is not normally expressed in cultured XEN cells and is therefore not necessary for their survival, but is probably required for their derivation.
Nodal mutant XEN cells do not express pluripotency markers but do express markers for the primitive (PrE) and visceral endoderm (VE) All of the cell lines that were identified, based on their morphology, as putative XEN cell lines, were confirmed as such by expression of the PrE/VE markers GATA4, GATA6, and SOX7. These markers were never detected in ES cells ( Fig. 2A,B) . Conversely, consistent with previous studies of wild type XEN cells (Kunath et al., 2005) , Nodal 2/2 cell lines did not express the pluripotency marker OCT4, which was strongly expressed in ES cells. This was demonstrated by immunocytochemistry (Fig. 3A) , Western blot (Fig. 3B) , and QRT-PCR (Fig. 3C) . Together, these data confirmed the identity of these cell lines as XEN cells and demonstrated that they were not contaminated with ES cells or any other pluripotent cell type that can be derived from mouse blastocysts.
Our previous studies demonstrated that XEN cells express markers for primitive, visceral and parietal endoderm. This study also described XEN cell morphology in some detail and noted that several distinct cellular morphologies were discernible in wild type XEN cells (Brown et al., 2010b (Artus et al., 2011; Julio et al., 2011) , and one hallmark of this lineage restriction was a distinct change in the morphology of the XEN cells (Artus et al., 2011) .
To determine if the loss of Nodal during XEN cell isolation similarly impacted gene expression, the XEN cell lines were analyzed for quantitative changes in gene expression by 4) . Gata4 and Sox7 expression were highly sensitive to NODAL dosage since their expression was altered in both heterozygous and homozygous mutant cell lines. However, Gata6 expression was only significantly increased in Nodal 2/2 cell lines. Based on our previous work, these data are consistent with an increase in VE fates within the Nodal 2/2 XEN cell lines (Brown et al., 2010b) .
Nodal regulates anterior visceral endoderm (AVE) gene expression in XEN cells
Because previous studies had suggested a specific role for Nodal in regulating marker expression in the AVE (Brennan et al., 2001) , we analyzed the AVE specific markers HEX, DKK1 and BMP2 (Madabhushi and Lacy, 2011) expressed higher levels of the AVE marker HEX (Fig. 4) . We also analyzed the expression of Cerberus-like and Lefty1; known targets of NODAL signaling in the AVE. Both markers were absent from XEN cells of all genotype (data not shown). These data demonstrated that Nodal negatively regulates the expression of a subset of AVE markers in XEN cells.
Medium conditioned by Nodal mutant XEN cells impacts the timing of cardiogenesis in EBs
AVE and AVE-like cell lines, including XEN cells, have been shown to increase cardiac differentiation from both nascent mesoderm and differentiating EBs (Arai et al., 1997; Mummery et al., 2003; Stary et al., 2005; Nijmeijer et al., 2009; Brown et al., 2010a ). Since our data showed an upregulation of at least a subset of AVE markers in the Nodal 2/2 XEN cells, we hypothesized that these cells might possess enhanced cardiogenic potential as compared to wild type XEN cells. We previously showed that adding wild type XEN CM from days 4-6 of differentiation, increased cardiac formation within EBs (Brown et al., 2010a) . Therefore, XEN CM collected from the different genotypes (Nodal +/+ XEN CM, Nodal +/2 XEN CM or Nodal 2/2 XEN CM) was added to EB culture medium between days 4 and 6 of differentiation. The ES cells used in these studies possessed a MHCa::GFP reporter (Takahashi et al., 2003 ) that we previously validated as a faithful reporter for cardiomyocyte formation (Brown et al., 2010a) . Cardiomyocyte differentiation was first evaluated by assessing the percentage of EBs that contained beating areas at each day of differentiation (Fig. 5A ). EBs treated with Nodal 2/2 XEN CM or Nodal +/2 XEN CM began beating on day 5 (with 18% and 2% beating, respectively). EBs treated with Nodal +/+ XEN CM started beating on day 6. Finally EBs treated with control medium began beating on day 7. By day 14, there were no statistically significant differences among the four samples. Together these data suggest that the dosage of Nodal altered the characteristics XEN cells, which in turn, changed the way that XEN cells impacted the timing of cardiomyocyte differentiation.
By day14, EBs developed large areas of beating cardiomyocytes expressing GFP. Interestingly, the contracting loci that formed in response to Nodal 2/2 CM (Fig. 5B , (Fig. 5D) .
To quantify total myocardial differentiation after treatment with CM, EBs possessing the MHCa::GFP reporter (Takahashi et al., 2003) were treated as described above and analyzed by flow cytometry on day 14 for overall cardiac formation. Unexpectedly, although EBs treated with Nodal 2/2 XEN CM initiated cardiogenesis earlier and showed increased expression of MHCa on day 7 of differentiation, this treatment did not increase the total number of cardiomyocytes that formed as compared to controls. Instead, consistent with our previous findings (Brown et al., 2010a) , EBs treated with wild type XEN CM showed an approximate 2-fold increase in overall cardiomyocyte differentiation (Fig. 5E ).
Cardiac gene expression is delayed in EBs treated with Nodal
+/+ XEN CM
Treatment of EBs with Nodal
2/2 XEN CM caused earlier initiation of cardiogenesis, the formation of large, well-ordered beating areas and an increase in MHCa expression at day 7 of differentiation but with no subsequent increase in the total percentage of cardiomyocytes that formed. Based on these seemingly contradictory results, we hypothesized that Nodal 2/2 XEN CM might cause a premature differentiation of cardiac progenitors with a subsequent depletion of the progenitor pool. The vertebrate heart develops from two sources of multipotent cardiac progenitors, the first heart field (FHF) and the second heart field (SHF) (Kelly et al., 2001; Cai et al., 2003; Zaffran et al., 2004; Waldo et al., 2005; Moretti et al., 2006; Abu-Issa and Kirby, 2007; Black, 2007; Qyang et al., 2007; Dyer and Kirby, 2009 ). FHF cells in the cardiac crescent express Nkx2.5 and Tbx5, the latter of which is considered to be a more specific marker for the FHF, whereas Nkx2.5 is expressed in both the FHF and SHF. At the cardiac crescent and linear heart tube stages, SHF cells, identified by the expression of Islet-1 (Cai et al., 2003; Moretti et al., 2006; Qyang et al., 2007; Bu et al., 2009) and Fgf10 (Kelly et al., 2001) , reside adjacent to the FHF (Cai et al., 2003) . Differentiation of SHF cells into myocardial cells is delayed for several days by a mechanism that is not well understood. The atria contain derivatives from both the FHF and the SHF. By comparison, the left ventricle develops primarily from the FHF and the right ventricle and outflow tract (OFT) primarily from SHF progenitors (Stennard et al., 2005; Vincent and Buckingham, 2010) .
To assess whether endodermal signals impact one or both of these cardiac progenitor populations we assessed the expression of FHF and SHF markers by QRT-PCR over the course of EB differentiation with or without the addition of XEN CM. Untreated EBs typically showed two pulses of Islet-1 transcription over the first 12 days of EB differentiation (blue line, Fig. 6 ). By comparison, EBs treated with CM from wild type XEN cells had only a single, broader peak of Islet-1 expression, the timing of which was delayed as compared to controls (red line, Fig. 6 ). Similarly, EBs treated with Nodal 2/2 XEN CM also showed a single large peak of Islet-1 expression, but in this case the peak was narrower and occurred earlier than the first peak in control EBs (purple line, Fig. 6 ). This finding suggested that CM from wild type XEN cells delayed the differentiation of Islet-1 expressing cells, whereas CM from Nodal 2/2 XEN cells caused Islet-1 expressing cells to differentiate prematurely. Consistent with this, markers for differentiated cardiomyocytes including Mlc2a, Hand1 and Hand2 were all delayed in EBs treated with wild type CM (red lines, Fig. 6 ) but were initiated early in EBs treated with Nodal 2/2 XEN CM (purple line, Fig. 6 ). In contrast, Tbx5 and Nkx2.5 were also delayed in EBs treated with wild type XEN CM, but addition of Nodal 2/2 XEN CM did not cause premature activation of these markers. Rather, Nodal 2/2 XEN CM had no effect on the timing of Tbx5 and delayed the expression of Nkx2.5 (purple line, Fig. 6 ). Therefore, the premature differentiation of cardiomyocytes observed in response to Nodal 2/2 XEN CM is more likely to be due to a specific effect on Islet-1 expressing cells rather than premature differentiation of cardiac progenitors in general. All of these markers were also assessed in EBs treated with Nodal +/2 XEN CM, but no differences were observed when compared to controls (Fig. 7) . Together these findings suggest that a premature differentiation of Islet-1 positive progenitors could account for the early differentiation of cardiomyocytes that we observed in EBs treated with Nodal 2/2 XEN CM. Likewise, the increased number of cardiomyocytes observed when EBs were treated with wild type XEN CM could be accounted for by the delay discovered in the differentiation of cardiac progenitors. Furthermore, this delay may have allowed for increased proliferation of the progenitor pool.
In the embryo, the FHF contributes primarily to the left ventricle with a smaller contribution to the atria, whereas the SHF contributes to all lineages of the heart (but with a relatively small contribution to the left ventricle). If cardiac differentiation in EBs is equivalent to cardiac differentiation in the mouse embryo, we would expect that an early depletion of Islet1expressing cells would lead to a general depletion of SHF derivatives and this should impact the ratio of atrial to ventricular cell types. Previous studies suggest that ES-derived cardiomyocytes begin to show electrophysiological maturation toward specific cardiac phenotypes 5-7 days after the onset of beating (Kolossov et al., 2005) . To address whether premature differentiation of Islet-1 progenitors might lead to a depletion of markers for the SHF and its derivatives, day 14 EBs (7+ days after the onset of beating) were analyzed for the expression of cardiac markers that become regionalized to specific chambers during development. To ensure that differences are due to changes in the regional expression of cardiac markers and not to Cardiac genes were examined over the course of differentiation by QRT-PCR for expression of the cardiac progenitor marker, Islet-1, markers for differentiated cardiomyocytes, Mlc2a, Hand1 and Hand2, and the early cardiac markers Tbx5 and Nkx2.5. Relative mRNA expression was presented after normalization to Gapdh. Comparatively, EBs treated with Nodal +/+ XEN CM were shown to have a significant temporal shift in the onset of cardiac gene expression. differences in overall cardiac induction, QRT-PCR data were normalized first to Gapdh and then to the general cardiac marker Cardiac Troponin. At day 14, Mlc2a, which becomes restricted to the atria, was expressed at significantly higher levels in untreated EBs and EBs treated with wild type CM as compared to those treated with Nodal 2/2 XEN CM. The average expression of Anf was also lower in EBs treated with Nodal 2/2 XEN CM. However, this marker was not informative because its expression was highly variable in untreated EBs. Islet-1 and Hand2, which mark the SHF and SHF-derivatives respectively, were also significantly decreased in EBs treated with Nodal 2/2 XEN CM. There were no statistically significant differences in the expression of ventricular markers between EBs treated with wild type XEN CM and those treated with Nodal mutant XEN CM (Fig. 8) . Taken together, these data are consistent with the idea that premature differentiation of cardiac progenitors leads to a subsequent depletion of markers characteristic of the SHF and its derivatives.
Discussion
XEN cells allow for the molecular dissection of endodermal signals during heart induction
Signals from the AVE and its avian equivalent, the hypoblast, are required for the initial specification of cardiac cells in amniotes and mammals. In frogs, the DAE, that expresses the same markers as the AVE, is also required for early heart formation (Sater and Jacobson, 1989; Nascone and Mercola, 1995; Schneider and Mercola, 1999 XEN CM or medium control from days 4 to 6. Cardiac genes were examined over the course of differentiation by QRT-PCR for expression of the cardiac progenitor marker Islet-1, which marks the secondary heart field, the chamber specific markers Mlc2a, Hand1 and Hand2, and the early cardiac markers Tbx5 and Nkx2.5. Relative mRNA expression levels were presented after normalization to Gapdh. Comparatively, EBs treated with Nodal +/2 XEN CM showed no significant changes in gene expression as compared to controls.
2005; Nijmeijer et al., 2009; Brown et al., 2010a) . Despite the importance of endodermal signals in myocardial differentiation, minimal progress has been made toward the identification of specific cardiogenic factors in the endoderm. In vivo, studies of endodermal signaling have been hampered by the small size and inaccessibility of gastrula stage mouse embryos. In vitro studies have also been slow because previous works have relied almost exclusively on embryonal carcinoma-derived cell lines that do not allow for the genetic ablation of candidate factors. Cell lines representing the primitive endoderm lineage (XEN cells) have recently been derived directly from blastocyst stage embryos (Kunath et al., 2005) . Since XEN cells can be generated from both wild type and mutant strains, our recent finding that XEN CM promotes cardiogenesis (Brown et al., 2010a) suggests that they should provide a useful tool to study the role of endodermal signals in myocardial differentiation. To this end, we produced a Nodal mutant XEN cell line and assessed its ability to activate cardiogenesis as compared to wild type XEN cells.
Loss of Nodal results in the upregulation of a subset of AVE markers in XEN cells
A major finding of these studies is that loss of Nodal upregulated the expression of several AVE markers including HEX, DKK1 and BMP2 in XEN cells. This is surprising given that Nodal activates the expression of the AVE marker Cerberus in Xenopus laevis embryos (Foley et al., 2007) and is required for expression of the AVE marker Lefty1 in mouse embryos (Brennan et al., 2001 ). In addition, treatment of XEN cells with either recombinant NODAL or its co-factor CRIPTO resulted in an upregulation of Cerberus-like but not Dkk1 or Otx2 (Julio et al., 2011) . These data suggest that redundant or parallel pathways pattern subsets of markers within the AVE such that NODAL regulates one set of markers (i.e. Cerberus-like and Lefty), while another set (i.e. Bmp2, Hex, Otx2 and Dkk1) is repressed by NODAL and activated by a different pathway(s). Alternatively, recent studies suggest that cells expressing Lefty and Cerberuslike and those marked by Hex, may represent two distinct subgroups of cells within the AVE (Torres-Padilla et al., 2007; Takaoka et al., 2011) .
While the mechanism for AVE marker upregulation in Nodal 2/2 XEN cells is still unclear, this finding suggested that they might possess superior cardiogenic potential as compared to wild type XEN cells. We had previously shown that conditioned medium from wild type XEN cells enhanced cardiac differentiation when it was added to growth medium from day 4 to 6 of EB differentiation (Brown et al., 2010a) . By comparison to both control EBs and those treated with wild type XEN CM, Nodal 2/2 XEN CM did not enhance overall cardiac differentiation but did result in both earlier beating and increased expression of MHCa mRNA on day 7 of differentiation. To clarify these conflicting findings, we investigated the effect of CM on the expression of cardiac progenitor markers. In EBs treated with wild type XEN CM, Islet-1 expression was delayed as compared to controls, whereas Fig. 8 . Markers that become localized to specific cardiac chambers begin to be differentially expressed in day 14 EBs that were previously treated with Nodal 2/2 XEN CM. QRT-PCR data on day 14 of differentiation for markers that become regionalized to atrial or ventricular cardiomyocytes. Markers that become restricted to the ventricles (Mlc2v, MHCb, Irx4) or which mark derivatives of the FHF in the embryo (Hand1) were not different between the two populations whereas those that become atrial-restricted (Mlc2a), mark the SHF (Islet-1) or mark derivatives of the SHF (Hand2) were expressed at lower levels in cells treated with Nodal 2/2 XEN CM. Error bars indicated s.e.m. Data considered significant had a p-value, 0.1.
EBs treated with Nodal
2/2 XEN CM showed a premature increase in the expression of Islet-1 as compared to controls. Two other cardiac progenitor markers, Nkx2.5 and Tbx5, were either unaffected or slightly delayed in response to Nodal 2/2 XEN CM. While there is no clear definition of FHF and SHF within EBs, our observation demonstrate that markers associated with the FHF (Nkx2.5 and Tbx5) and SHF (Islet-1) respond differently to endodermal signals. Prall and colleagues proposed a model to explain how the embryo regulates the switch from FHF and SHF differentiation involving a negative feed back loop comprised of Nkx2.5, Bmp2 and SMAD-1. In the absence of Nkx2.5, they saw an upregulation of Bmp2 and SMAD phosphorylation, and this resulted in a premature differentiation of Islet-1 positive cells, with a subsequent failure of SHF derivatives to proliferate. Similarly, in these studies we saw an upregulation of BMP2, premature expression of Islet-1 and a failure of the cardiac pool to expand. By day 14, we also observed a significant decrease in markers for the SHF and its derivatives within EBs.
Notably, Prall and colleagues observed that the failure of SHF progenitors to proliferate in Nkx2.5 null embryos led to the formation of a malformed heart containing a single ventricle and a severely truncated OFT (Prall et al., 2007) . Consistent with this, mice in which an enhancer of early Nodal expression is knocked out, had normal cardiac specification but subsequent heart defects including ventricular septal defects and misplacement of the outflow tract (Norris et al., 2002) . In addition, many human congenital heart defects including Tetralogy of Fallot, that are thought to be related to defects in SHF development, have been linked to specific mutations at the Nodal locus (Roessler et al., 2009) . Our data suggests that endodermal signals that are regulated by Nodal may mediate the time of the embryos switch from FHF to SHF development.
Nodal is not the direct cardiogenic signal
Both wild type and Nodal heterozygous mutant XEN cells expressed very low levels of Nodal mRNA when grown in the presence of LIF. However, this expression was rapidly lost after the removal of LIF from the media. In addition, we previously showed that wild type XEN cells, grown in the absence of LIF possessed cardiogenic potential despite the fact that they expressed no Nodal (Brown et al., 2010b) . These findings suggest that the cardiogenic potential of XEN cells is not due to Nodal signaling from the XEN cells themselves, but is an indirect consequence of Nodal's ability to pattern XEN cells. These XEN cells are most likely patterned during the initial phases of isolation when the primitive endoderm and epiblast cells remain in culture. More specifically, these data suggest that genes regulated by Nodal in the endoderm may be required to maintain SHF progenitors in pre-cardiac state.
Materials and Methods
Derivation and culture of Nodal mutant XEN cell lines
Mice carrying a Nodal LacZ allele (Collignon et al., 1996) were maintained on an ICR genetic background. Nodal LacZ/+ mice were crossed to obtain Nodal LacZ/LacZ embryos (referred to in the text as Nodal 2/2 ). XEN cell lines were derived from these embryos according to a previously described method (Kunath et al., 2005; Artus et al., 2010) (Fig. 1A) . After 2-3 weeks, colonies with XEN cell morphology were observed in over half the cultures. The colonies were expanded onto gelatinized 10 cm plates with mouse embryonic fibroblasts (MEFs). After passaging off MEFs, genomic DNA was purified from cell pellets using DNeasy Blood & Tissue Kit (QIAGEN) and putative XEN cells lines were genotyped using previously described primer sequences (Collignon et al., 1996) (Table 1) .
XEN cells were maintained on MEFs in DMEM supplemented with 20% fetal bovine serum (FBS; GIBCO), 1 mM sodium pyruvate (Mediatech), 2 mM Lglutamine (Mediatech), 50 mg/ml penicillin/streptomycin (Cellgro), 55 mM bmercaptoethanol (Sigma), 100 mM non-essential amino acids (Mediatech), and 1000 units/ml of ESGRO (LIF) (Millipore).
To 
Culture and differentiation of ES cells
Mouse R1 or CGR8 embryonic stem (ES) cells were cultured and differentiated as previously described (Brown et al., 2010a) . For in vitro differentiation, ES cells were passaged off MEFs then plated as hanging drops at a concentration of 15,000 cells/mL (300 cells per hanging drop) in Iscove's Modified Dulbecco Medium (IMDM; Gibco), supplemented with 20% serum (Gibco), 50 mg/mL each of penicillin/streptomycin (100 units/mL and 100 mg/mL, respectively) (Cellgro), 200 mg/mL apo-transferrin (Sigma), 5% protein-free hybridoma medium (PFHMII; Gibco), 0.5 mM 1-thioglycerol (Sigma), and 0.5 mM ascorbic acid (Sigma).
Immunocytochemistry
Cells were plated onto gelatinized chamber slides. Immunocytochemistry was performed at various degrees of confluence to ensure that there were no changes in gene expression resulting from cell density (data not shown). The cells were fixed in 4% paraformaldehyde at room temperature then permeabilized with 0.25% Triton X-100-PBS at room temperature. Blocking was carried out with 10% heatinactivated FBS-0.25% Triton X-100 in PBS at room temperature then incubated with primary antibody overnight at 4˚C. After this, cells were incubated with Table 1 . QRT-PCR primers used in this study. Primers were designed for detecting murine gene expression. 
Western blot
Whole cell extracts (20 mg) were prepared using RIPA lysis buffer, electrophoresed through 4-20% NuPAGE Bis-Tris gel (Invitrogen), transferred to a PVDF membrane (Pall Life Sciences) and blotted by standard techniques. Primary antibodies used were: OCT4 (1:1000; Cell Signaling), GATA4 (1:1000; Santa Cruz), GATA6 (1:1000; R&D systems), SOX7 (1:1000; R&D systems), BMP2 (1:200; Abcam), DKK1 (1:200; Santa Cruz), and HEX (1:200; Abcam). Secondary antibodies were anti-mouse HRP (1:3000; Cell Signaling), anti-rabbit HRP (1:3000; GE Healthcare). As a loading control, membranes were stripped and probed with anti-ACTIN (1:2000; Santa Cruz) and labeled with anti-goat HRP (1:10,000; Santa Cruz). Chemoluminescent detection (Thermo Scientific) was performed according to the manufacturer's instructions.
RNA isolation, reverse transcription, and QRT-PCR analysis
Total RNA from cells was isolated with Tri-Reagent (Sigma). First strand cDNA synthesis was performed with 1 mg of total RNA using QuantiTect Reverse Transcription kit (QIAGEN). cDNAs were analyzed by QRT-PCR for the expression of Nodal, Oct4, Gata4, Gata6, Sox7, Hex, Dkk1, Bmp2, Tbx5, Islet-1, Nkx2.5, Mlc2a, Hand1, and Hand2 (Table 1) . QRT-PCR was performed on a Roche Lightcycler 480, and analysis was done with the Roche Lightcycler 480 software package. Crossing point data was corrected for primer efficiency (as determined by analysis of a standard dilution curve for a positive control) then normalized to expression of Gapdh.
Flow cytometry
CGR8 ES cells expressing the Green Fluorescent Protein (GFP) reporter under the
Myosin Heavy Chain-alpha (MHCa) promoter (MHCa::GFP) (Takahashi et al., 2003) were used to form EBs. EBs were dissociated with trypsin. Acquisition and analysis for amount of GFP positive cells was performed on a BD FACSCalibur cytometer (BD Biosciences) with the aid of the BD Cell Quest software.
Statistical Analysis
The statistical significance of differences among treatment groups was assessed with Scheffe multiple-comparison test. Error bars indicate standard error. (s.e.m.). Differences were considered significant at p-value, 0.05 (a p-value, 0.05 is indicated by one star, p-value, 0.006 is indicated by two stars in figures). Significance of regional cardiac markers was determined by unpaired two-tailed ttest. Differences were considered significant at a p-value, 0.1.
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